Abstract: Chlorine-free is not only one of the new concepts of green chemistry, but also a problematical task for chemical processes in industrial utility. During the past several decades, we devoted ourselves to the study of chlorine-free organic synthesis. Herein, we describe an efficient chlorine-free copper-catalyzed oxidative approach providing 1,3,4-oxadiazoles in good yields from readily available starting materials. This transformation requires only a green and inexpensive reagent to afford the structurally useful motifs, and has a broad functional groups tolerance.
INTRODUCTION
During the past several decades, transition-metal-catalyzed transformations of readily available starting materials to various functionalized organic molecules have become the most important area in organic synthesis. Among these processes, copper-catalyzed reactions, such as Glaser coupling [1] , CadiotChodkiewicz coupling [2] , and Ullmann coupling [3, 4] have caused much attention because they not only provide an efficient carbon-carbon bond-forming method, but also have been widely used in the synthesis of advanced materials, pharmaceutical products, and natural products. Besides, copper salts are generally used as cocatalysts or reoxidants of palladium catalyst for Wacker oxidation [5] , Sonogashira coupling [6] , etc. Based on copper as an inexpensive and nontoxic metal, the study on the transformations of readily available starting materials to various functionalized organic molecules in the presence of copper will be of great importance and attract more and more attention.
In 1999, we demonstrated for the first time that Glaser coupling can be carried out in the presence of copper chloride (CuCl 2 ) in supercritical carbon dioxide (scCO 2 ) using NaOAc instead of amines, and the amount of CuCl 2 was 2 equiv of the substrate [7] . At the same period, we also reported that CuCl 2 was employed as an efficient cocatalyst/reoxidant to accomplish the Pd(II)-catalyzed carbonylation of norbornene in scCO 2 [8] . Later, we found that the Wacker reaction of 1-octene, and the similar oxidative reaction (acetalization reaction) of terminal olefins bearing electron-withdrawing groups can be carried out smoothly in the presence of CuCl or CuCl 2 as the cocatalyst in methanolmodified scCO 2 [9, 10] . Based on these results, we developed a few synthetic methods with use of cop-per salts as cocatalyst/reoxidant in conventional organic solvents or in scCO 2 , such as the PdX 2 /CuX 2 -catalyzed carbonylation reactions of alkynes in alcohol-benzene solvent [11] [12] [13] [14] [15] [16] , the PdCl 2 /CuCl 2 -catalyzed carbonylation of amines in scCO 2 [17] , the cyclotrimerization of alkynes in alcohol-benzene or in MeOH-modified scCO 2 in the presence of PdCl 2 /CuCl 2 [18] [19] [20] , the PdCl 2 /CuCl 2 -catalyzed allylation of alkynes with allyl alcohols in aqueous media [21, 22] , and so on.
According to Anastas's principles for green chemistry, the general areas include selections of feedstocks, reagents, solvents, reaction conditions, and catalysts, and the design of safer chemicals [23] . Actually, chlorine-free is not only one of the new concepts of green chemistry, but also a problematical task for the chemical process in industrial utility. In order to solve this problem, two routes were chosen in our group. The first one is to replace CuCl 2 or CuCl with other chlorine-free cocatalyst/reoxidant. We employed polystyrene-supported benzoquinone (PS-BQ), hydroquinone (PS-HQ), or PS-phenol as an efficient cocatalyst with palladium catalyst for the Wacker reaction in scCO 2 , and the reaction can tolerate electron-withdrawing groups, i.e., acrylate esters, acrylonitrile, methyl vinyl ketone, and acrolein [24] [25] [26] [27] . Further studies showed that molecular oxygen is quite an environmentally friendly and efficient oxidant in palladium catalytic systems [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . The other one is to use or design chlorinefree copper catalyst for the reaction [38, 39] . In this context, we continued to study chlorine-free copper-catalyzed transformations of readily available starting materials to various functionalized organic molecules. And we report our findings herein.
RESULTS AND DISCUSSION
Oxazoles are common structural motifs found in numerous molecules that display antiviral, antifungal, antibacterial, and antiproliferative activities [40, 41] . The potential biological activity and the prevalence of oxazoles in both natural products and pharmaceuticals have inspired significant interest in the synthesis of these heterocycles [42] [43] [44] . 1,3,4-Oxadiazoles [45, 46] are of particular interest, owing to their various biological activities [47] [48] [49] [50] and optical and charge-transporting properties [51] . They are also a blocking group of electrochemically active materials [52] and, as well, can be used as binucleating ligands for generating bimetallic complexes [53] . To date, many synthetic methods have been developed to construct the oxazole skeleton, however, some of them usually present significant limitations, such as tedious work-up and the harsh nature of reaction conditions, involving stoichiometric quantities of oxidants which would produce a large amount of by-products, or even toxic reagents, such as PbO 2 [54] and I(III) salt [55] waste matters.
We started our study by examining the conversion of N'-benzylidenebenzohydrazide 1a into 2,5-diphenyl-1,3,4-oxadiazole 2a. After an initial screen of additives, solvents, and reaction temperature, we found that the use of 10 mol % of Cu(OAc) 2 in dimethylformamide (DMF) at 80 °C under an oxygen atmosphere after 12 h produced 2a in 35 % yield with a low conversion of 1a ( [2] [3] [4] [5] , and found that DABCO was the best base to promote the reaction. Loading 30 mol % of DABCO converted the starting material into the product completely, and afforded 2a in 90 % isolated yield. Solvent also plays an important role to this transformation, and DMF was tested as the best (Table 1 , entry 3 vs. entries [6] [7] [8] [9] [10] [11] . The reaction at lower temperature gave a lower yield (Table 1, entry 12 ).
H. JIANG et al. a Reaction conditions: 1a (0.5 mmol), catalyst (5 mol %), additive (30 mol %), solvent (3 mL), the reaction was carried out at the given temperature for 12 h in sealed tube. b Determined by GC. Number in parentheses is isolated yield.
With the optimized conditions at hand, we next explored the scope and generality of the process. Derivatives of 1 were prepared through the addition of an ester to a hydrazine and an aldehyde derivative following known procedures [56, 57] . As shown in Table 2 , a variety of substituents R 1 , R 2 on substrate 1 all led to the desired products in moderate to good yields. Especially, strong electron-withdrawing groups of R 1 , such as CF 3 and F, gave the promised products in excellent yields (Table 2 , entries 8, 9).
Compound 1 with heterocyclic substituents also proceeded smoothly to afford the corresponding 1,3,4-oxadiazoles (Table 2 , entries 10-12), which could be expanded to be applied in a broader synthetic and materials area. The ability to incorporate the whole range of halogen substituents (Table 2 , entries 5-8 and 14) makes this method particularly appealing, since these substituents could be used for further synthetic manipulations. We currently are unsure of the mechanistic course of the oxadiazole-forming process. Scheme 1 outlines possible pathways suggested by the literature precedent of related processes. The reaction of 1 with Cu(OAc) 2 presumably leads to a with the aid of base additives, while copper either in oxidation state II or III [58] . Isomerization of a into b, following by the OH attacks the copper center in b to give a metallacycle c [59] . Product 2 is subsequently formed through reductive elimination of the metal with molecular oxygen to realize the Cu(II) reborn and the catalytic cycles.
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CONCLUSIONS
We herein report an efficient chlorine-free copper-catalyzed oxidative approach providing 1,3,4-oxadiazoles in good yields from readily available starting materials. This transformation requires only a green and inexpensive reagent to obtain the structurally useful motifs, and has a broad functional groups tolerance. More importantly, chlorine-free synthesis in this work is fit for very demanding requirements of green chemistry, and shows its potential utilization in chemical processes.
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